polypeptide chain in an extended conformation (anhydrous diameter ϭ 5-7 Å ) during translocation. The Edward E. Johnson,* and Arthur E. Johnson* † ‡ § * Department of Medical Biochemistry and Genetics translocon is also likely to accommodate an ␣-helical transmembrane (TM) sequence of a nascent membrane
Introduction translocons in native membranes have a similar structure (Hanein et al., 1996) . The average diameter of the Secretory and membrane proteins in eukaryotic cells pore was estimated to be ‫02ف‬ Å for purified Sec61p, are synthesized on ribosomes that are initially cytosolic though a range of pore sizes was observed, with both but are targeted via signal sequence-dependent interpurified Sec61p and native membranes, that could not actions to the endoplasmic reticulum (ER) membrane be explained by different particle orientations on the (for review, see Walter and Johnson, 1994; Rapoport et grid (Hanein et al., 1996) . The cause of the observed al., 1996) where they bind to sites termed translocons heterogeneity in pore size is presently unclear, but (Walter and Lingappa, 1986) . The primary structural feapossibilities include (Hanein et al., 1996) translocon conture of a functioning translocon is an aqueous pore that formation (e.g., gated or open; Crowley et al., 1994) , completely spans the membrane and is occupied by functional state (translocating or not), and subunit coma nascent secretory or membrane protein (Simon and position. Blobel, 1991; Crowley et al., 1994) . Despite this hole
To determine directly the internal diameter of a funcin the membrane, the permeability barrier of the ER tioning protein translocation pore, we have assembled membrane is maintained by a tight ribosome-translocon translocation intermediates with fluorescent dyes incorjunction that prevents nascent protein exposure to the porated at specific sites along nascent preprolactin cytosol (Crowley et al., 1993 (Crowley et al., , 1994 . In addition, the napolypeptides to determine their accessibility to fluoresscent chain is sealed off from the ER lumen immediately cence quenchers of increasing size. The results surprisafter targeting and until the nascent chain reaches a ingly indicate that the internal diameter of the translocon length near 70 residues (Crowley et al., 1994) . In cases in intact, fully assembled translocation intermediates is that involve complicated protein processing at the ER 40-60 Å , making this pore the largest observed in any membrane, the ribosome-translocon junction may open membrane that must maintain a permeability barrier. The transiently to allow cytosolic exposure of the nascent implications of having such a large protein translocation chain, presumably without loss of the permeability barpore in the ER membrane are discussed. rier (Hedge and Lingappa, 1996 ; for review, see Andrews and Johnson, 1996) . Results So how large is the aqueous pore in the translocon? At a minimum, the pore would have to accommodate a Experimental Design In the present study, the size of the aqueous pore in the ER translocon was examined spectroscopically using § To whom correspondence should be addressed.
cytosol or ER lumen in translocation intermediates can be examined directly by using hydrophilic collisional quenching agents. These agents collide with an excited fluorescent dye and take its excited state energy, thereby reducing the fluorescent light emitted by the sample. Since the magnitude of the fluorescence intensity decrease is dependent upon the number of collisions, the extent of quenching is directly proportional to the concentration of quencher, as expressed in the SternVolmer equation (Crowley et al., 1993 (Crowley et al., , 1994 . Our previous studies showed that the addition of iodide ions, an efficient collisional quencher of NBD fluorescence, to the cytosolic side of the membrane does not reduce the fluorescence intensity of the translocation intermediates shown in Figure 1 (Crowley et al., 1993 (Crowley et al., , 1994 . Thus, the ribosome binds tightly to the membrane and seals off Translocation intermediates were prepared as described in Experi-1993 Experi- , 1994 . However, when iodide ions were introduced mental Procedures using either of two derivatives of preprolactin (pPL) that lack the two lysine codons found in the natural pPL signal into the lumen by adding bacterial pore-forming pro- (Crowley et al., 1994) . Thus, the blocks the lumenal end of the pore (Crowley et al., 1994) . The lysine in pPL-ssK 56 is located 28 amino acids from the C-terminal end of aqueous pore and the ribosomal nascent chain tunnel the nascent chain. Lysines are present in pPL-sK polypeptides at are of sufficient size to accommodate a hydrated polyresidues 64, 70, 91, 128, 146, 164, 181, and 209 from the N terminus.
peptide and hydrated iodide ions (anhydrous diameter ϭ
The dye locations shown are estimated assuming that the C-terminal 4.32 Å ) simultaneously.
40 residues of the nascent chain are within the ribosome (Malkin Since the tight ribosome-membrane junction blocks and Rich, 1967; Blobel and Sabatini, 1970) and that the nascent access to the nascent chain from the cytosol, a fluoreschain conformation inside the translocon is ␣-helical. The signal sequence is cleaved in the pPL-sK 156, pPL-sK197, pPL-sK207, and pPLcent nascent chain probe positioned inside the ribosK 221 intermediates.
some can be collisionally quenched by hydrophilic quenchers only if the quencher moves from the lumen through the aqueous translocon pore and into the ribointact, fully assembled translocation intermediates. Nasomal tunnel (Figure 1 ). It follows that if one were to test scent secretory protein chains of defined length were quenchers of different sizes, no quenching would be prepared in vitro by translating, in the presence of microobserved if a quencher is too large to move through the somes and signal recognition particle (SRP), mRNAs pore. This approach therefore provides a direct method that were truncated in the coding region of preprolactin to estimate the diameter of the aqueous pore in the (cf. Krieg et al., 1989; Crowley et al., 1993 Crowley et al., , 1994 . Ribotranslocon of a fully assembled and functional (until somes halt when they reach the end of such an mRNA, halted) translocation intermediate. but they do not dissociate from the mRNA because the absence of a stop codon prevents normal termination from occurring. Thus, the nascent chain remains bound Probe Accessibility to Large Collisional Quenchers We first examined whether 4-amino-(2,2,6,6-tetramethto the ribosome as a peptidyl-tRNA, and the length of the nascent polypeptide in the membrane-bound comylpiperidine-N-oxyl) (amino-TEMPO or AT; Figure 2 ), a cationic collisional quencher of various fluorescent dyes plex is dictated by the length of the truncated mRNA added to the translation. ⑀NBD-Lys-tRNA, a fluorescent- (Chattopadhyay et al., 1983) with an anhydrous diameter near 10 Å , had access to NBD probes in the pPL-sK 110 labeled analog of Lys-tRNA that has a 6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)aminohexanoyl (NBD) dye covaintermediate. As shown in Figure 3A , very little quenching was observed when AT was on the cytosolic side lently attached to the N ⑀ -amino group of the lysyl side chain (Crowley et al., 1993 (Crowley et al., , 1994 , was added to translaof the membrane, but the extent of quenching increased greatly when AT was introduced into the lumen by the tions so that fluorescent probes were incorporated into nascent chains at positions dictated by the occurrence addition of PFO. In fact, the quenching rate was the same for PFO-treated samples as for free ribosomes of in-frame lysine codons in the mRNA. Using this approach, the location of a fluorescent probe relative to ( Figure 3A ; Table 1 ), which shows that the membrane does not restrict AT accessibility to the probes inside the ER membrane and ribosome can be altered simply by changing the length of the nascent chain. The estithe ribosome. Thus, AT is small enough to enter freely both the translocon pore and the ribosomal tunnel, even mated locations of the fluorescent probes in each of the translocation intermediates used in this study are shown when the nascent chain and signal sequence are thought to be present inside the translocon pore in a in Figure 1 .
The accessibility of the nascent chain probes to the U-shaped conformation. quenching pattern with pPL-sK110 intermediates was for inner-filter effects of the AT as described elsewhere (Lakowicz, nearly identical to that of iodide and AT ( Figure 3B ; Table   1983 addition. Hence, NAD ϩ access to NBD probes within the ER translocon pore was the same as NAD ϩ access to probes in nascent chains that were exposed to the in our samples because of the high contaminant background signal. Thus, these quenchers could not be used solvent, because nearly identical K sv values were obtained for pPL-sK 110 or pPL-sK 123 ribosomal complexes to examine the accessibility of NBD in our samples. either bound to PFO-treated microsomes or free in solution (Table 1 ). The pore is therefore not only large enough Can a Fab Fragment Enter the Pore? Since we were unable to obtain collisional quenchers to accommodate NAD ϩ ions in addition to the nascent chain, it is large enough to allow the two probes inside larger than NAD ϩ , we next investigated the quenching properties of an NBD-specific IgG antibody. The binding the pore in these intermediates to collide as frequently with NAD ϩ as if there were no pore to restrict NAD ϩ of either this IgG or its purified Fab fragment (Harlow and Lane, 1988) to ⑀NBD-Lys reduces its fluorescence diffusion.
We attempted to synthesize larger adenine-conintensity by 86%. The maximum anhydrous dimensions of an NBD-specific Fab fragment (hereafter termed taining collisional quenchers but were unable to purify them away from all of the fluorescent contaminants ␣NBD) are close to 39 ϫ 53 Å when viewed end-on, looking directly into the antigen binding site. These overpresent in the precursor chemicals. As a result, solutions containing 10-30 mM of these species were so fluoresall dimensions were obtained from several X-ray crystal structures of various Fab fragments which indicate that cent that we could not monitor the NBD fluorescence 
Various translation and translocation intermediates were prepared, purified, and analyzed spectroscopically as described in Experimental Procedures. Data obtained using two different sources of wheat germ (A and B) are shown above; the results were qualitatively the same in terms of PFO dependence of the quenching but were quantitatively different for reasons that are still not understood. Since no significant differences between A and B were observed in AT and iodide ion quenching experiments, the two wheat germ preps must interact with NAD the Fab fragment conformations are highly conserved the cytosol even before SLO addition, either in nascent chains bound to ruptured microsomes or located on the among different animals, not appreciably altered upon binding to various antigens, and independent of antigen cytoplasmic surface of microsomes by adsorption or polysome formation (Wolin and Walter, 1988; Crowley specificity (Amit et al., 1986; Herron et al., 1989; Wilson et al., 1991) . To determine whether ␣NBD can enter et al., 1993 Johnson et al., 1995) . Many of these cytosolically exposed NBD probes were in ribosomal the microsomes through the holes formed by SLO, we prepared a sample of pPL-sK221 translocation intermedicomplexes that were in polysomes (and hence purified with the microsomes), but were not properly engaged ates that has NBD nascent chain probes exposed in the ER lumen (Figure 1 ). When ␣NBD was added to this with the ER membrane. This is evidenced by comparing the extents of ϪSLO quenching for samples that either sample prior to SLO treatment, a reduction of NBD fluorescence intensity was observed (Table 2 ). This quenchhave or have not been nuclease-treated to reduce the number of polysomes (Table 2 ; Wolin and Walter, 1988) . ing showed that some NBD probes were exposed to As expected, the polysome effect is greater with saminhibits ␣NBD access. If the latter does occur, it simply means that proteins other than ER membrane proteins ples containing longer truncated mRNAs. The cytosolically exposed NBD probes are examined further below.
contribute to establishing the operational diameter of the translocon pore. When SLO was added to a nuclease-treated pPL-sK 221 sample in the presence of ␣NBD, the total quenching was increased from 20% to 40%, thereby showing that Exposure of Long Nascent Chains to the Cytosol ␣NBD was able to enter the microsomes via the SLOThe significant amount of quenching by ␣NBD observed dependent holes in the ER membrane. Similar results with translocation intermediates prior to addition of SLO were obtained for the pPL-sK 207 and pPL-sK 197 translocaled us to examine further the nature of these cytosoltion intermediates in both nucleased and untreated samexposed probes. As noted above, the most likely origins ples (Table 2) . Thus, the data indicate that ␣NBD can of such probes are nascent chain adsorption to the enter the SLO holes and access at least some of the microsomal surface (either as part of a nonspecifically lumenally exposed dyes in the nascent chains of each bound ribosome or as a free nascent chain after being of these intermediates. Nascent chain folding or inhibireleased from the ribosome), microsome damage that tion of ␣NBD binding to a single nascent chain by chapexposes properly targeted nascent chains to the cytosol erones or other ␣NBD molecules, as well as incomplete via holes in the vesicles, or polysome formation. As SLO pore formation in some vesicles, presumably prediscussed above and shown in Table 2 , the number of vented the observed decrease in intensity from being cytosolically exposed probes was reduced by a limited as large as the theoretical maximum.
nuclease treatment that cleaves the mRNA and deTo determine whether ␣NBD can enter the ER translogrades polysomes to monosomes. We therefore decon pore, the pPL-sK 110 and pPL-sK 123 translocation incided to determine whether a limited protease digestion termediates were examined because each has all of would release adsorbed nascent chains, and possibly its probes inside the ER translocon pore or ribosomal nascent chains in damaged microsomes, without detunnel. Since no SLO-dependent quenching was obstroying the tight ribosome-membrane junction. served (Table 2) , the dyes in these intermediates were Since the number of cytosolically exposed probes is completely inaccessible to ␣NBD from the ER lumen. In greater in samples translating long nascent chains (Tacontrast, when ␣NBD was added to purified pPL-sK 110 ble 2), we focused our attention on NBD-pPL-sK 221 . As and pPL-sK 123 ribosomal complexes in the absence of shown in Table 3 , microsomes purified from samples microsomes, the fluorescence intensity was reduced by translating NBD-pPL-sK 221 showed significant quenchan average of 52% and 57%, respectively. These data ing, both collisional and ␣NBD-based, before the addiindicate that the lumenal opening of the ER translocon tion of PFO or SLO. Thus, iodide ions, NAD ϩ , and ␣NBD pore is not sufficiently wide to simultaneously accomall indicate that there is a significant amount of NBDmodate the nascent chain and the Fab fragment. The pPL-sK 221 exposed to the cytosol in these samples. All inability of ␣NBD to bind NBD-nascent chain probes is three quenchers also show that the amount of cytosolnot due to the presence of the signal sequence, because ically exposed NBD is substantially reduced by limited the fluorescence of the pPL-sK 156 translocation intermeexposure to nuclease to remove polysomes (Table 3) . diate was not reduced by ␣NBD (Table 2) even though When the nuclease-treated samples were then exposed its signal sequence had been cleaved (data not shown;
to proteinase K for a limited amount of time, the number Do et al., 1996) . It is presently unclear why the two of cytosolically exposed NBD probes was again reduced most N-terminal dyes of the pPL-sK 156 intermediate are substantially (Table 3) . Despite their very different sizes, inaccessible to ␣NBD from the ER lumen, even after all three quenching agents show similar amounts of cylumen extraction (Nicchitta and Blobel, 1993) (Table 2) . tosolic (i.e., ϪPFO/SLO) NBD-nascent chain removal by However, the critical point is that no SLO-dependent the nuclease and protease treatments. But most imporquenching of NBD fluorescence was observed with intant, neither the nuclease nor the protease treatment termediates whose probes were inside the pore.
destroyed the tight ribosome-membrane junction, as is Since it is possible that ␣NBD is prevented from enterevident by comparing the ϪPFO and ϩPFO K sv values ing the pore by soluble ER proteins that obstruct the for the nuclease-and protease-treated NBD-pPL-sK 221 lumenal entrance of the pore, we extracted the lumenal samples (Table 3) . Thus, we conclude that the cytosolproteins from the microsomes using procedures deically exposed NBD probes detected in preparations of scribed elsewhere (Nicchitta and Blobel, 1993) . This exlong-nascent-chain translocation intermediates can be traction procedure removed more than 95% of the luremoved by limited exposure to protease and nuclease menal proteins (e.g., BiP, protein disulfide isomerase, and, hence, that they originate from nascent chains that and Grp94), as evidenced by SDS-PAGE/Coomassie are not in intact translocation intermediates. The focus blue and ELISA analyses, but did not impair targeting of the data in Table 2 is therefore appropriately on the and assembly of intact protein translocation intermedimagnitude of the ⌬SLO quenching, not on the extent of ates. Yet the removal of the soluble lumenal proteins quenching observed in the absence of SLO. did not increase the SLO-dependent quenching by ␣NBD and, hence, did not result in increased accessibilDiscussion ity of the nascent chain to ␣NBD (Table 2) . It therefore appears that the size of the pore is established by the These quenching data allow us to estimate the size of ER membrane proteins that form the translocon, though the aqueous pore in a functioning translocon because we cannot completely rule out the possibility that resid-NAD ϩ has unimpeded access to nascent chain probes ual lumenal proteins in our lumen-extracted microsomes are tightly associated with the translocon in a way that in the translocon and ribosome, while Fab fragments Translocation intermediates were prepared, purified, and analyzed spectroscopically as described in Experimental Procedures and in the legends to Tables 1 and 2 . The K SV values shown above are the averages of 2-3 independent experiments with standard deviations of Ϯ0.2 to Ϯ0.4 M Ϫ1 . Quenching percentage values shown above are the averages of independent experiments repeated 2-8 times, and the standard deviations of these values range from Ϯ1 to Ϯ3. a After an RNase-treated sample was examined for quenching by ␣NBD in the presence of SLO, puromycin was then added to 2 mM final concentration and the sample was incubated for 10 min at room temperature before the fluorescence intensity of the sample was remeasured.
cannot enter the pore. The translocon pore is therefore juxtaposition, the quencher will immediately quench the adjacent dye whenever it is excited and no fluorescent large enough to accommodate both a nascent polypeptide and an NAD ϩ simultaneously, but it is not large light will be emitted. This type of quenching is termed static quenching, a phenomenon that reduces the emisenough to accommodate both a nascent polypeptide and a Fab fragment.
sion intensity of the sample without reducing its fluorescence lifetime (Eftink and Ghiron, 1981; Lakowicz, 1983) . The NAD ϩ conformation in solution closely matches that observed in X-ray crystal structures (e.g., Bell and In contrast, dynamic or collisional quenching occurs when a quencher contacts a dye during its excited state Eisenberg, 1996; Li et al., 1996) because NMR studies of NAD ϩ in solution (Zens et al., 1975 (Zens et al., , 1976 indicate the lifetime. Since this is a diffusion-based and therefore time-dependent process, the fluorescence lifetime of following: (a) the pyridine protons do not come within 5 Å of the adenine protons within the NAD ϩ compound; the dye is shortened if the quenching is collisional (Eftink and Ghiron, 1981; Lakowicz, 1983) . The collisional fre-(b) internal rotation is only observed along the short axis of NAD ϩ , so the dimensions are consistent with those quency, and hence the extent of quenching, depend on the concentration of the quencher as described by the of the static X-ray structures; and (c) intermolecular contacts do not occur at concentrations up to 50 mM NAD ϩ .
Stern-Volmer equation, as well as on variables that influence quencher diffusion rates. The 11 ϫ 12 ϫ 20 Å anhydrous dimensions of NAD ϩ (Bell and Eisenberg, 1996; Li et al., 1996) are increased
The close proximity of a dye and quencher inside a pore with a minimal diameter suggests that, in this by about 5 Å by hydration (the diameter of a water molecule is ‫5.2ف‬ Å ) because the NAD ϩ is both hydroarrangement, the NBD dye would most likely be quenched by NAD ϩ via static quenching. If this occurred, philic and charged. Many portions of a translocating nascent chain will also be hydrophilic and/or charged the linear dependence of fluorescence intensity on quencher concentration that is characteristic of colliand hence hydrated, and a fully extended hydrated polypeptide chain will occupy a more-or-less cylindrical sional quenching may not be observed because no or little diffusion would be required to achieve quenching. space with a diameter of approximately 11 Å . The minimum possible diameter that would allow an NAD ϩ to To address this issue experimentally, we measured the NBD fluorescence lifetime of a translocation intermedipass through the translocon would be 28 Å if the NAD ϩ could align itself with its long axis perpendicular to the ate containing NBD-pPL-sK110, both before and after the addition of NAD ϩ and PFO, and found that the NBD plane of the bilayer, although 28 Å constitutes an underestimate because we have ignored the hydration of the fluorescence lifetime was lower in the presence of NAD ϩ and PFO. This reduction in lifetime and the linear depenSec61␣ protein ␣ helices (Wilkinson et al., 1996) that form part of the inner surface of the translocon (High et dence of NBD intensity on the NAD ϩ concentration in the solvent (Figure 3 ) therefore show that there must be al., 1993; Mothes et al., 1994) . In a pore this small, an NAD ϩ would fit tightly against the nascent chain, would sufficient aqueous space surrounding a probe in the pore for collisional quenching to occur, as well as for not rotate, and would be restricted to moving in one dimension. Furthermore, a single NAD ϩ would occupy the quencher to achieve a local concentration that is equivalent to the bulk concentration and to have access about one-half of the pore (the bilayer is about 50 Å thick) and hence would be very close to any NBD probe to the probe from many directions. The most critical data in terms of estimating the minilocated in the pore.
However, the issue is not how closely one can envismal pore size are the Ksv values obtained in the presence and absence of the membrane. To illustrate, consider age packing a nascent chain and an NAD ϩ inside the pore, but rather what size pore is consistent with the an NBD that is free in solution. If NAD ϩ is added to the solution, the NAD ϩ molecules can approach a free NBD collisional quenching data. In this regard, the fluorescence quenching data reveal that the diameter of the fluorophore from all directions, thereby maximizing the collision frequency and K sv . If, on the other hand, the pore is significantly larger than the minimum for two reasons: lifetime data show the quenching is collisional, NBD were attached to the surface of a large protein, the protein would prevent NAD ϩ from approaching the and the collisional frequency is the same with or without the membrane. When a dye and a quencher are in close NBD from "behind," and the number of access routes of NAD ϩ molecules to the NBD fluorophore would be reduced by approximately 50%. As a result, the number of collisions, and hence K sv , would be reduced by a factor of two. Further restricting access of the quenchers to the fluorophore by positioning the putative fluorophore in a semicircular pocket (i.e., one half of a pore) on the membrane surface would lead to an even smaller K sv .
Consider then what we observed in our samples in the presence and absence of membranes. In every case in which the lumenal gate is open (i.e., ignore pPL-ssK56), the Ksv is the same for both free and membrane-bound ribosomes (Table 1 ). In particular, for the pPL-sK110 and pPL-sK123 samples that have two probes located within the translocon pore itself, NAD ϩ access to the NBD probes was not restricted by surrounding the nascent chain by the proteins that form the translocon pore (compare the K sv values for free ribosomal complexes and PFO-treated microsomes in Figure 3 and Table 1 ).
The charcoal ring represents the ER membrane proteins of the translocon that surround the aqueous pore (here depicted as circuThus, the number of directions from which an NAD ϩ lar; the actual shape is unknown), while the gray region represents quencher can approach the NBD dyes must be the same the ER membrane phospholipids in the plane of the paper. The black in these two cases, and hence the range of NAD ϩ access circle represents a fully extended polypeptide that has a hydrated routes to the probes must be the same when the nascent diameter of ‫11ف‬ Å and is oriented perpendicularly to the plane of chain and its two dyes are exposed to the cytosol in the membrane.
free ribosomes and when the nascent chain and its two (Table 2) , the width of tion or forced into a lengthwise orientation within the the pore must be less than indicated here.
pore, a situation that is clearly incompatible with the minimal-diameter structural arrangement considered to it. However, once binding occurred, the interaction above. Instead, the NAD ϩ quenchers must be able to would be relatively long-lived because of the high affinity approach the NBD dyes in the pore from the same numbetween the NBD and the Fab fragment. The minimum ber of angles and directions as in the cytosol, and the dimensions of the elongated Fab fragment are obtained NAD ϩ must exhibit the same rotational distribution as when one looks directly into its ligand binding pocket, seen in the cytosol (only the adenine moiety of NAD ϩ and the anhydrous dimensions of 39 ϫ 53 Å are similar quenches NBD). To obtain an equivalent rotational freefor all sources and specificities of IgG (Amit et al., 1986; dom/distribution (i.e., an equivalent encounter effi- Herron et al., 1989; Wilson et al., 1991) . Since the hyciency), the NAD ϩ molecule would first have to be free drated ␣NBD cannot enter the pore to bind an NBD dye, to rotate, and this would require a minimum diameter of the maximum dimension of the pore must be smaller the pore of 36 Å (11 Å ϩ 25 Å ). Then to obtain collisional than 58 Å ( Figure 4B ). To one significant figure, the maxiquenching from the same range of directions that the mum width of the aqueous pore is therefore 60 Å . NAD ϩ can approach a probe exposed to solvent in a
The aqueous pore through the translocon in a fully free ribosome (most likely ‫081ف‬Њ or hemispherical), the assembled translocation intermediate therefore has an pore would have to be significantly larger than 36 Å . We internal diameter of 40-60 Å . It is possible that the subhave therefore concluded that, to one significant figure, stantial difference between this value and the ‫02ف‬ Å the minimum pore diameter is 40 Å , though a diameter diameter reported by Hanein et al. (1996) is explained of 50 Å would arguably fit the quenching data better.
by the major differences in sample preparation, data A similar rationale is used to estimate the maximum analysis techniques, and resolution limits for the fluoressize of the pore, since it cannot simultaneously accomcence and electron microscopy experiments. On the modate both a nascent chain and a Fab fragment. The other hand, Hanein et al. (1996) reported a significant lack of NBD interaction with the ␣NBD is not due to variation in the pore diameters observed in their study conformational limitations on NBD presentation to the and suggested that this may reflect a heterogeneity in ␣NBD, because the NBD dye is attached to the polypeptranslocon structure. Specifically, since the functional tide chain via a 17 Å -long flexible tether and hence status of the translocons could not be ascertained in would be able to reorient as necessary to interact with their study, it is possible that many of the translocons the ligand binding site of a Fab fragment inserted into examined were not functionally engaged with a ribothe pore. Also, since the nascent chain appears to move some or were in a closed or "gated" (Crowley et al., within the pore (Krieg et al., 1989) , any obstruction of 1994) conformation, and such translocons may have a the lumenal end of the pore by the nascent chain would smaller diameter. Whatever the case, in the present presumably be transient because the nascent chain and study the fluorescence data were obtained with translocons that had functioned in targeting and ribosome ␣NBD will each dynamically sample the space available with MscI, FspI, AflII, and BlpI (New England Biolabs) to obtain binding and were translocating a nascent secretory promRNAs encoding the pPL-sK156, pPL-sK197, pPL-sK207, and pPL-sK221 tein up until the ribosome reached the end of the trunnascent chains, respectively, where the subscript indicates the numcated mRNA. Hence, the fluorescence approach deber of amino acids encoded within the mRNA. In vitro transcription scribed here selectively examines only functioning using SP6 RNA polymerase and the purification of mRNA were detranslocons.
scribed previously (Crowley et al., 1994) .
The discovery that the translocon pore is so large Translations raises many issues, not the least of which is how the Yeast tRNA Lys was purified, aminoacylated, and modified with NBD permeability barrier is maintained during posttranslaas described before (Crowley et al., 1993) . Translations (26ЊC, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] tional translocation in yeast. Sec61p is a primary compomin, 500 l) were performed in vitro using wheat germ extract, either nent of the posttranslational translocon (Panzner et al.,
⑀NBD-Lys-tRNA or unmodified Lys-tRNA, and-for translocation 1995), and Hanein et al. (1996) observed using the elecintermediates-SRP and high salt/EDTA-extracted microsomes tron microscope that the posttranslational and cotrans-(EKRM) from canine pancreas as described previously (Crowley et al., 1993 (Crowley et al., , 1994 to see the extent to which the molecular mechanisms in the sample as described earlier (Crowley et al., 1993) . Signal coincide for these two systems (e.g., are the pore sizes cleavage of pPL-sK156, pPL-sK197, and pPL-sK221 was demonstrated by comparing translation products in the absence and presence equivalent, and does either vary with functional state?).
of microsomes, followed by SDS-PAGE and phosphorimaging as
The 40-60 Å translocon pore is the largest bilayerdescribed previously (Crowley et al., 1994; Do et al., 1996) .
spanning hole or pore that has been discovered to date in a membrane that must maintain a permeability barrier.
Polysome Reduction
The functional significance of having such a large pore , 1996a, 1996b) , particularly if such proteins are for 10 min (Wolin and Walter, 1988) prior to the usual gel filtration of samples. Reduction of the polysomal peptides was verified by glycosylated and/or retain some secondary or tertiary SDS-PAGE. structure, and there is recent evidence that retrotranslocation (Andrews and Johnson, 1996) occurs via the Limited Proteinase K Treatment translocon (Wiertz et al., 1996b translocon (Walter and Johnson, 1994; Rapoport et al., and incubated for 20 min on ice prior to purification by gel filtration.
1996), a large translocon pore may also facilitate mem-
The combined nuclease and protease digestions reduced the total NBD content in the NBD-pPL-sK 221 samples by as much as 35%, brane protein integration into the bilayer. When multibut the reduction in samples with smaller nascent chains was very spanning membrane proteins are integrated into the bimuch less ‫.)%5ف(‬ layer, each successive TM sequence must be inserted with its orientation opposite to that of its predecessor.
Antibodies
Thus, every other TM sequence must be rotated by 180Њ
IgG was partially purified from NBD-specific rabbit antiserum prior to its insertion into the membrane. Since a TM (Charles Rivers East Acres Biologicals, Southbridge, MA) using ammonium sulfate precipitation or gel filtration as described previously sequence typically contains 20-22 nonpolar residues (Harlow and Lane, 1988 to see to what extent the size and accessibility of the A, 1 ml/min). and then concentrated (Centricon-10; Amicon) to the original volume. IgG was cleaved to form Fab fragments by addition translocon pore change during integration.
of 10 g papain (Sigma) per mg IgG in 100 mM sodium acetate (pH 5.2), 50 mM cysteine, and 1 mM EDTA as described previously (Harlow and Lane, 1988) . After 4-6 hr at 37ЊC, gel filtration and Experimental Procedures microconcentration were repeated as above to yield ␣NBD. Preparation of mRNA Plasmids pVW1 and p138 were digested as described previously
Bacterial Toxins PFO and SLO were used as described previously (Crowley et al., (Crowley et al., 1993 (Crowley et al., , 1994 in order to obtain truncated mRNAs for the six shortest nascent chains depicted here. pVW1 was cleaved 1994), except that the PFO concentration used in the current study was 5 units PFO/l, the concentration determined by titration to Jon Christopher for assistance with SPOCK, and Dr. Chris Nicchitta for advice on preparing lumen-extracted microsomes. We also thank give maximal quenching for this particular prep of PFO. SLO and PFO gave identical results in collisional quenching experiments, but the members of the Johnson group and Drs. Greg Reinhart and Doug Struck for helpful discussions. This work was supported by we found that only SLO created holes large enough for the Fab fragments to enter the lumen of the microsomes.
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